We compared the developmental status of school-age children with single-suture craniosynostosis (case group) and unaffected children (control group). Within the case group we compared the performance of children distinguished by location of suture fusion (sagittal, metopic, unicoronal, lambdoid).
Single-suture craniosynostosis (SSC) is defined as the premature fusion of any of the cranial sutures (eg, sagittal, metopic, coronal, or lambdoid) and occurs in ∼1 in 1700 to 2500 live births. 1, 2 Corrective surgery to restore the suture is preferentially performed in the first year of life. Neurodevelopmental impairment has long been suspected among children with SSC, because the prematurely fused suture is believed to constrain 3 or alter 4, 5 brain structures and elevate intracranial pressure. 6, 7 Early neurodevelopmental investigations were beset with methodological problems and inconclusive findings, 8, 9 but in more recent and better-designed studies, infants and preschoolers with SSC have consistently scored lower, on average, than same-aged children with patent sutures. [10] [11] [12] [13] In a large multisite study of children in the United States from infancy to 36 months, we observed children with SSC to score on average about 0.25 to 0.50 SD lower on standardized tests than a demographically matched control group. 11 Compared with unaffected children, case participants had nearly twice the odds of scoring in the delayed range. Similar findings have been reported in a well-designed study of Australian infants who were followed with similar developmental measures. 14 A key question is whether these delays persist into the school-age years and manifest as learning disabilities or other problems in need of intervention. 15 Few neurodevelopmental studies have focused on children with SSC beyond age 3, [16] [17] [18] [19] [20] and most of these studies have lacked control groups 17, 19, 20 or used methods other than testing to estimate developmental progress. 19, 20 In the current study we addressed these problems by following to early elementary school age a large sample of infants with SSC who were recruited and assessed before corrective surgery.
A demographically matched control group was also followed, with approximately 70% of case and control infants retained for neuropsychological testing at school age. We hypothesized that children with SSC would score lower than children without craniosynostosis on standardized measures of IQ and academic achievement.
METHODS

Study Design
We used cross-sectional data from a school-age assessment of children with SSC (case group) and unaffected children (control group) who have been followed since infancy in a longitudinal study. 12 In the original study, we enrolled all eligible case participants between January 2002 and September 2006 from Seattle Children's Hospital, the Cleft Lip and Palate Institute and Northwestern University in Chicago, Children's Healthcare of Atlanta, St Louis Children's Hospital, and Children's Hospital of Philadelphia (starting in January 2006). Unaffected control participants were recruited by each center and frequency matched to case participants at the time of recruitment. Participants were assessed at a baseline visit that occurred, for case participants, before surgery (mean age = 7.4 months) and at 3 subsequent visits at which the average ages were 18 months, 36 months, and 7 years; the last age point is the focus of this report. The study was approved by institutional review boards at each participating institution and informed consent obtained from all parents.
Case Infants
Infants with SSC were referred at the time of diagnosis by a treating surgeon or pediatrician. Infants were eligible if they had SSC (isolated sagittal, metopic, unilateral coronal, or unilateral lambdoid synostosis) confirmed by CT scans, had not yet had cranial vault surgery, and were #30 months of age at recruitment. Exclusion criteria included prematurity (,34 weeks' gestation), major medical or neurologic conditions (eg, cardiac defects, seizure disorders, significant health conditions necessitating surgical correction), presence of $3 extracranial minor malformations, 16 or presence of other major malformations. For a subsample of 178 cases whose parents gave consent, we collected biospecimens and analyzed genetic data by array comparative genomic hybridization and candidate and gene resequencing (for details see Cunningham et al 2011 21 ). Children with SSC who had a genetic variant (including a known or probable causal mutation for craniosynostosis) were eligible if they had no phenotypic features of a known syndrome and otherwise met all inclusion criteria.
We enrolled 270 case participants (84% of those eligible), 4 of whom were later found to be ineligible (for details about ascertainment, see Starr et al 2012 12 ). The case sample included 76 children with sagittal synostosis, 48 with metopic, 46 with unicoronal, and 12 with lamboid synostosis. Among the 266 case infants seen at baseline, 182 children (68%) had a school-age assessment.
Control Infants
Infants were eligible as control participants if they had no known craniofacial anomaly and met none of the exclusionary criteria for case participants. Control group participants were recruited through pediatric practices, birthing centers, and announcements in publications of interest to parents of newborns. Control participants were frequencymatched to case participants on factors related to neurodevelopmental performance that may also be potential confounders: age at enrollment (within 3 weeks), gender, family socioeconomic status (SES) within the same Hollingshead category, 22 and race or ethnicity.
We enrolled 76% of all eligible control participants (see Starr et al 2012 12 for details). Among the 259 control participants seen at baseline, 183 (71%) had a school-age assessment.
Measures
Intelligence was measured by the Full-Scale IQ score from the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV). 23 The Wide Range Achievement Test, Fourth Edition (WRAT-4) measured reading, spelling, and math with a composite or subscale score representing each of these areas. 24 The Test of Word Reading Efficiency (TOWRE) measured reading efficiency, that is, the child's ability to quickly and accurately decode increasingly difficult words and nonsense words. 25 We used the Comprehensive Test of Phonological Processing (CTOPP) to assess skills that support reading decoding, speed, and fluency. [26] [27] [28] [29] Two CTOPP composite scores were used: phonological awareness (ie, sound blending, elision) and rapid naming (ie, verbal retrieval of symbols). All of these tests have demonstrated good to excellent reliability and validity. [23] [24] [25] [26] [27] [28] [29] Age-based standardized scores with a mean of 100 and SD of 15 were used for all measures.
All testing sessions were video recorded and all test administrations scored by a second psychometrist. Scoring errors were recorded and disagreements between psychometrists resolved by one of the psychologist investigators (K.K.S., B.R.C., or M.L.S.). Resolved scores were used for all analyses. Among all administrations of the 4 tests, 94% of WISC-IV test administrations were error-free, as were 97%, 94%, and 99% of WRAT-4, TOWRE, and CTOPP administrations, respectively.
Procedures
After psychometrists completed testing, parents were interviewed to update the family's demographic information and medical history and to provide information on any interventions received since the last assessment at age 3 (eg, speech or language therapy). Parents who so desired were mailed a summary of their child's test results, which they were encouraged to share with their child's pediatrician or teacher.
Data Analysis
We examined the distribution of demographic characteristics and IQ and achievement scores separately for case and control participants. Visual inspection of boxplots and histograms confirmed that the distributions of each outcome score were approximately normal in case and control participants. We also explored factors associated with attrition by comparing the distributions of baseline demographic and neurodevelopmental characteristics of participants seen at school age with those of participants who were lost to follow-up.
Unless otherwise specified, all of the following analyses were adjusted for 4 potential confounders: child age at assessment (in months, continuous), child gender, family SES (Hollingshead composite score, continuous), and maternal IQ (continuous, measured at baseline by the Wonderlic Cognitive Ability Test). 30 Linear regression with robust SEs was used to estimate differences between case and control participants with corresponding 95% confidence intervals (CIs). Because limited sample size precluded direct adjustment of all potential confounders in the same model, we recalculated in secondary analyses the regression estimates of case-control differences after propensity score matching. 31, 32 We used a logit model that predicted case status and matched on the 4 confounders from the primary analysis, plus race or ethnicity and study site. We repeated the primary linear regression analyses after excluding 19 children with SSC in whom known or probable causal mutations for craniosynostosis were detected through array comparative genomic hybridization and candidate and gene resequencing. 21 To explore potential attrition bias over time, we repeated the analyses of case-control differences by using inverse probability weighting (IPW). 33 The predicted probability of school age participation was estimated with baseline characteristics that were known for all participants and included date of birth, gender, race or ethnicity, prematurity (,38 weeks' gestation, coded yes/no), case status, suture diagnosis, parents' marital status, maternal IQ, study site, and scores from the Bayley Scales of Infant Development 2 (Psychomotor Development Index) and the Preschool Language Scale 3 (auditory comprehension) completed at baseline (see Starr et al 2012 12 ) . Observations from participants assessed at school age are understood to represent participants who had similar baseline characteristics, but who were lost to follow-up and assigned weights to represent the full population.
Intervention services (eg, speech or language therapy, occupational or physical therapy, special education services) presumably improved some children's outcome scores. To account for these presumed positive effects and examine their influence on case-control differences, we repeated analyses by using censored normal regression. 34 This method assumes that the scores of children who received intervention are "left censored"; that is, although it is unknown what their scores would have been in the absence of the intervention they received, it is assumed that the unknown scores are at least as low as their observed scores with intervention.
Logistic regression with robust SEs was used to compare the proportion of case and control participants with learning problems. We used an empirically derived definition of learning disability: scores below the 25th percentile on $1 of the achievement tests given. 35, 36 We also examined the distribution of learning problems by case status and test and calculated the number of tests with scores ,25th percentile for each participant.
Finally, in secondary analyses involving only case participants, we used linear and logistic regression to determine whether test scores or the odds of having a learning problem differed by the site of the affected suture (sagittal, metopic, unicoronal, and lambdoid). Indicators of suture site were included in each model, with sagittal cases considered the referent, and evidence for overall group differences evaluated on Wald tests.
We performed all analyses by using Stata version 12 (StataCorp, College Station, TX).
RESULTS
Mean age at the time of the assessment was 7.5 years for case participants (range 6.9-9.5 years) and 7.4 years for control participants (range 7.0-11.1 years). Sixty-three percent of participants were male, 77% identified as white or nonHispanic ethnicity, and 76% were of middle to upper SES (Hollingshead categories I-II) ( Table 1) . Mean maternal IQ was 109.7 (SD 12.7) in the control group and 106.2 (SD 13.7) in the case group. The proportion of single-parent families in the control and case groups was comparable (13% and 16%, respectively).
Parents of 31 case participants reported a history of craniosynostosis in immediate family members. Similar proportions of case and control participants were lost to follow-up (31% of case and 29% of control participants). Compared with participants seen at school age, participants lost to follow-up were more likely to be of lower SES (44% Hollingshead categories III-V vs 24% in participants), with slightly lower maternal IQ scores. Children lost to attrition also had lower Bayley Psychomotor Development Index scores at study baseline.
Case-Control Group Differences
Case participants' adjusted mean scores were lower than those of control participants on all measures ( Table 2 ). The estimated average difference in standard scores comparing the case and control groups ranged from 0.3 to -4.2 (Ps ranged from 0.002 to 0.80). The largest observed deficits were in WISC-IV Full-Scale IQ, WRAT-4 math computation, and CTOPP phonological awareness, where case participants' adjusted mean scores were 2.5 to 4 points lower than those of control participants (Ps ranged from .002 to .09). Case-control differences on other measures of achievement were modest. The lower average IQ scores of the case group are also reflected in the distributions of scores relative to established clinical classifications (Table 3) .
Differences between case and control participants were modestly shifted upward or downward after adjustment with propensity score matching, with a concomitant increase in the SEs of the estimates compared with direct adjustment. Case deficits increased by 0.6 to 1.8 points for WISC-IV Full-Scale IQ, WRAT-4 reading composite, TOWRE, and CTOPP phonological awareness (range in case-control differences 22.7 to 24.6 points). Case-control differences were unchanged or 
points).
Estimates using IPW to gauge attrition bias were of similar magnitude to those from the adjusted analyses (data not shown).
Among those for whom we had intervention data, 82 case participants (46%) received $1 of the defined intervention services, as did 58 (35%) of control participants. In censored normal regression analyses, the differences between case and control participants became more pronounced for all measures (Table 4 ). Case deficits increased by 2.0 to 3.0 points for each test (Ps ranged from ,.001 to .24).
Seventy-three case participants (40%) and 54 (30%) control participants were classified as having learning problems. After adjustment for baseline demographics, there was little evidence that case participants were at higher odds of having learning problems than control participants (adjusted odds ratio [OR] = 1.4; 95% CI, 0.9 to 2.2). However, within each achievement test case participants were consistently more likely than control participants to meet the threshold for having a learning problem (Table 5) . Case participants also met the criterion for having a learning problem on a greater number of tests than did control participants.
Secondary Analyses by Diagnostic Subgroup
Within the case sample, children with metopic, unicoronal, or lambdoid synostosis scored lower on nearly all measures of achievement and IQ than did children with sagittal synostosis (Table 6 ). Adjusted mean differences in scores ( 1.2 to 8.1; lambdoid vs sagittal adjusted OR = 3.4; 95% CI, 0.7 to 17.2; P for overall group differences = .09).
DISCUSSION
This is the first large cohort study to track the development of children with SSC and unaffected control participants from infancy to school entry. Only case participants with isolated suture fusions, without the phenotypic features of known craniosynostosis syndromes, were included in this study. The focus on this population increases the utility of our study because it is based on phenotype rather than genotype, which may not be available or indicated in cases of nonsyndromic craniosynostosis.
As we observed previously at earlier age points, [11] [12] [13] school-age children with SSC on average scored lower on all measures than demographically similar children without SSC. The magnitude of adjusted group differences was modest for tests of spelling and reading achievement (,0.25 SD). However, case participants exhibited larger and educationally meaningful differences on measures of Full-Scale IQ and math achievement (∼0.33 SD). Moreover, the effects of developmental interventions may have led to the underestimation of case deficits. Case participants had a higher frequency of intervention than control participants, and censored normal regression analyses suggested that in the absence of intervention, group differences favoring control participants might have been 2 to 3 points greater for each test given (eg, ∼0.5 SD group difference in IQ and math).
The mean IQ scores for both case and control participants were in the average range relative to test norms. A higher-than-expected proportion of children scored above average, probably reflecting that both groups had high SES, a low rate of singleparent families (approximately half the US base rate 37 ), and slightly above-average mean maternal IQs. However, even in this low social risk sample, the IQ frequency distributions exhibited important differences between case and control participants, with more than twice as many control participants as case participants scoring in the 2 highest categories of WISC-IV Full-Scale IQ. Conversely, twice as many case as control participants scored in the low average range, and there were 6 case participants (compared with a single control participant) scoring in the extremely low or intellectually disabled category. Although these differences are based on small numbers in some categories, previous studies of younger children with SSC have also indicated low rates of accelerated cognitive development 15, 38 and higher-thanexpected rates of intellectual disability. 39 In the few previously published studies of older children with SSC, participants exhibited elevated rates of variably defined problems in academic and related skills (∼30% to 50%), [16] [17] [18] [19] [20] leading several investigators to conclude that a large proportion of children with SSC have learning disabilities. 9, 40, 41 Consistent with these previous estimates, 42% of case participants in the current study scored below the 25th percentile on $1 academic achievement tests, a commonly used criterion in screening for learning problems. 35, 36 However, nearly one-third of the control group also met this criterion, and after adjustment for demographic It is important to note that the design of this study does not allow analysis of the proposed mechanisms by which SSC or factors associated with SSC (eg, surgery and anesthesia exposure 42 ) might lead to the group differences we observed. Possible causal pathways continue to be poorly understood and await additional study. 9,41,43
CONCLUSIONS
The developmental delays observed among infants and young children with SSC are still partially evident at school age, as manifested by lower average scores than those of control participants on measures of IQ and math and a downward shift in IQ score distribution. 15 However, average scores of the case group were only slightly lower than those of the control group on reading and spelling measures, and the frequency of specific learning problems was comparable. Most children with SSC did well academically, and 58% had no discernible learning problem; however, we would anticipate lower levels of achievement in higher social risk samples. Among case participants, those with unicoronal and lambdoid synostosis appear to be the most neurodevelopmentally vulnerable.
Multidisciplinary care guidelines have called for neurodevelopmental screening in the preschool years for all children with craniosynostosis. 44 Our findings suggest that for patients with single-suture fusions, primary attention should be given to those with unicoronal and lambdoid synostosis, with more selective screening of children with isolated metopic and sagittal fusions. 
